Effect of a fluorinated surfactant, F(CF(CF 3 )CF 2 O) 3 CF(CF 3 )COO(CH 2 CH 2 O)CH 3 , in pore structure and grain size of the TiO 2 films deposited cathodically was studied. Increase in pore size and decrease in grain size were observed when the fluorinated surfactant was used. When supercritical CO 2 was introduced into the system, synergetic effect on increasing the pore size was observed. Also, grain coarsening was observed for the films deposited with supercritical CO 2 . Therefore, the fluorinated surfactant combining with supercritical CO 2 demonstrated the ability to control morphology and grain size of the deposited TiO 2 films at the same time. 6-8 Formation of the pores is suggested to be caused by gases formed during the deposition process.
Applications of TiO 2 in various fields of technology, such as solar cell, photocatalysis, hydrogen generation, and gas sensing are highly dependent on morphology of the TiO 2 fabricated.
1 TiO 2 films can be fabricated by chemical vapor deposition, 2 sol-gel method, 3 spray pyrolysis, 4 and hydrothermal reaction. 5 Among the different synthetic routes, cathodic deposition offers a low-cost yet effective process for fabrication of TiO 2 films. TiO 2 films cathodically deposited have been reported be porous. [6] [7] [8] Formation of the pores is suggested to be caused by gases formed during the deposition process. 7 Possible gas evolution reactions are shown in the following.
Emulsifying the aqueous electrolyte with supercritical CO 2 (sc-CO 2 ) and a surfactant has been reported to be effective in controlling properties of the TiO 2 films deposited, 9 and properties of the films deposited are suggested to be highly dependent on the properties, especially size, of the dispersed phase in the sc-CO 2 emulsion. [9] [10] [11] Lee et al. reported nano-scale dispersed phase can be formed when a fluorinated surfactant (F-surf) is used. 12 Rahman et al. reported morphology of Ni films electrodeposited can be varied from smooth to porous simply by using a F-surf similar to the one used in Lee et al.'s study. 12, 13 The same F-surf will be used in this study to examine the effects on morphology and grain size of the TiO 2 films deposited with sc-CO 2 emulsified TiCl 3 +NaNO 3 electrolyte.
Experimental
The base electrolyte was composed of 0.47 M NaCl, 25 mM TiCl 3 , and 75 mM NaNO 3 . The F-surf used was F(CF(CF 3 )CF 2 O) 3 CF(CF 3 )COO(CH 2 CH 2 O)CH 3 . The deposition with only the base electrolyte is denoted as conventional deposition (CONV-0 μL). Deposition with addition of 20 μL of the F-surf is denoted as CONV-20 μL. Three volumes of the F-surf were used for the deposition with sc-CO 2 (10 MPa and 20 vol.%), which were 0 (DSCE-0 μL), 20 μL (DSCE-20 μL), and 40 μL (DSCE-40 μL). Temperature used for all deposition processes was 40
• C. Current density of 25 mA/cm 2 and deposition time of 10 min were used for all the deposition processes. The samples were heat-treated in air at 400
• C for 1 hr before further analysis. Morphology of the films was examined by a scanning electron microscope (SEM). Crystal structural analysis was conducted by X-ray diffraction (XRD) at a glancing angle of 2.0
• . Grain size was calculated using Scherrer equation.
Results and Discussion
Morphology of TiO 2 film fabricated by CONV-0 μL was porous and composed of nano-sacle particles and micro-scale aggregates, shown in Fig. 1a . Size of most of the pores was in nano-scale, and some pores had size in several hundreds of nanometer. Number of pores having size in several hundreds of nanometer increased after addition of the F-surf as shown in Fig. 1b . Evolution rate of the gases causing formation of the pores should be about the same between CONV-0 μL and CONV-20 μL since the gas evolution reactions are mostly related to temperature, 7 and the temperature was fixed at 40
• C. Therefore, the increase in size of the pores should be related to the F-surf. Addition of the F-surf could form micelles solubilizing gases produced from reaction 1-3, and the micelles could adsorb on surface of cathode to form large pores. 14 Size of the pores and the aggregates both increased when sc-CO 2 (DSCE-0 μL) was used, shown in Fig. 1c . The large pores were suggested to be caused by demoted desorption rate of the gas bubbles from the surface cathode, which is a result of lowered buoyancy force caused by the high pressure. Size of the pores further increased after addition of the F-surf (DSCE-20 μL), as shown in Fig. 1d . Size of the dispersed phase solubilizing sc-CO 2 is expected to be in nano-scale. 12 Size of the pores formed in DSCE-20 μL was much larger than the expected size of the dispersed phase. This indicated the pores were not formed by adsorption of the dispersed phase on the surface of cathode. Similar results were reported in the study on Ni electroplating with the same F-surf, where pore size much larger than the expected disperse phase size was observed. 13 Therefore, we suggest the large pores observed were formed by adsorption of micelles mainly composed of gases (H 2 , N 2 , and NH 3 ) produced from reaction 1-3. The mechanism is similar to fabrication of porous films with a gas-template. 14 In addition, size of the pores in DSCE-20 μL was larger than the case in CONV-20 μL, which indicates adsorption strength of the micelles were stronger because of the lowered buoyancy force. Morphology of the TiO 2 film did not vary much when 40 μL of the F-surf was used, shown in Fig. 1e .
The TiO 2 films were confirmed to be anatase structure from XRD analysis. XRD peak corresponded to the (101) facet was used in calculation of the grain size. Grain refinement was observed after addition of the F-surf as shown in Fig. 2 Size of the TiO 2 grains obtained is highly related to electrogeneration rate of the hydroxyl ions in reaction 1-3 and size of the oxyhydroxyl-Ti particles produced in reaction 5. 7, 15 High hydroxyl ions electrogeneration rate would lead to formation of large oxy-hydroxylTi particles, which then cause formation of large TiO 2 grains. The F-surf could adsorb on the surface of cathode to cause an inhibiting effect on electrogeneration of the hydroxyl ions. Therefore, the inhibiting effect caused the grain refinement effect.
Grain coarsening was observed when sc-CO 2 was used, where grain size increased from 10.38 nm (CONV-0 μL) to 16.65 nm (DSCE-0 μL), shown in Fig. 2 . Increase in pressure can cause a decrease in self-diffusivity and increase in viscosity of the aqueous electrolyte. These would lower transfer efficiency of TiO 2+ to the surface of cathode and cause a reduction in nucleation density of the oxy-hydroxyl-Ti particles and an increase in size of the oxy-hydroxylTi particles formed, which then lead to the grain coarsening effect. The sc-CO 2 emulsion is expected to give periodic-plating-characteristic as reported in previous study, [9] [10] [11] which would promote electrogeneration of hydroxyl ions and lead to the grain coarsening effect. 9 However, size of the dispersed phase formed with the F-surf was too small to give the effect of periodic-plating-characteristic. 16 Instead, addition of the F-surf led to inhibiting effect of the electrochemical reactions involved and the grain refinement effect.
Conclusions
Increase in pore size of the TiO 2 films deposited was observed when the F-surf and sc-CO 2 were used. Grain size of the TiO 2 was decreased after addition of the F-surf. On the other hand, grain coarsening effect was observed when sc-CO 2 was used. Therefore, the results showed that both pore structure and grain size of the TiO 2 films could be controlled simultaneously or separately by utilizing the F-surf and sc-CO 2 .
